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We present a Bayesian analysis of the Landau mass within the extended σ-ω model
for neutron star matter. To this purpose, we consider the mass measurement of the
object PSR 0740+6620, the tidal deformability estimation from the GW170817 and
the mass-radius estimate of PSR J0030+0451 by NICER. Using Landau mass as free
parameter of the theory, we rely on the prediction power of the Bayesian method to
find the best value for this nuclear quantity.
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2I. INTRODUCTION
The study of dense nuclear matter is an active research area. Experiments carried on
relativistic collisions of heavy ions can provide estimates on the properties of hot, dense
matter. On the other hand, celestial objects like neutrons stars bear the densest type of
nuclear matter in equilibrium at temperature values relatively low that its contribution can
be neglected when computing the equation of state (EoS). In this work we study nuclear
matter in the framework of the extended σ-ω model with just one variable parameter: the
Landau mass, mL. In order to estimate the effect of the variation of mL, we compute the
mass radius relations of neutron stars together with their corresponding tidal deformabilities.
The former ones have been recently constrained from the observation of X-ray signals from
emissions coming from a star surface carried out by the NICER detector [1, 2]. The latter
ones are associated with the gravitational wave signals of compact stars mergers detected
by interferometers of the LIGO-Virgo collaboration [3]. One crucial question on the neutron
star studies is the value of the maximum mass which is quantity dependent on the equation
of state (EoS). The stiffer the EoS the larger the maximum mass as well as the stellar radius.
The measurement of the most massive compact star has been carried out by means of the
Shapiro delay effect in a binary star system [4]. We proceed in our study by considering
the constrains from the above observations including their uncertainty ranges to perform a
Bayesian analysis in order to obtain posterior probabilities for the Landau mass values.
II. THE EQUATION OF STATE
For the interior of a compact star we consider here the extended σ-ω model which describes
protons, electron, and neutrons in β-equilibrium and approximates the nuclear force by
introducing the σ, ω and ρ meson. The Lagrange-function corresponding to the extended
σ-ω model has the following form,
L = Ψ (i/∂ −mN + gσσ − gω/ω + gρ/ρaτa)Ψ + Ψe (i/∂ −me)Ψe + 1
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where Ψ = (Ψn,Ψp) is the vector of proton and neutron fields, mN mσ mω are the σ and ω
meson masses and gσ, gω, and gρ are the Yukawa couplings corresponding to the σ-nucleon,
ω-nucleon and ρ-nucleon interactions, respectively. The kinetic terms corresponding to the
3ω and ρ meson are written as
ωµν = ∂µων − ∂νωµ , and ρaµν = ∂µρaν − ∂νρaµ + grhoabcρbµρcν . (2)
In eq. (2) Ui(σ) is a self-interaction term for the σ-meson and it has the following form:
U34(σ) = λ3σ
3 + λ4σ
4 . (3)
The model is considered in the mean field approximation at zero temperature and finite
chemical potential. These assumptions simplify eq. (2) and all of the kinetic terms become
zero and only the following components of the mesons has non-zero value: ω0 = ω and ρ
3
0 = ρ.
Using these assumptions the free energy corresponding to the model can be calculated as it
is described for example in Ref. [5]:
fT = fF (mN − gσσ, µp − gωω + gρρ) + fF (mN − gσσ, µn − gωω − gρρ) + fF (me, µe)
+
1
2
m2σσ
2 + Ui(σ)− 1
2
m2ωω
2 − 1
2
m2ρρ
2 , (4)
where µp, µn and µe are the proton, neutron, and electron chemical potential respectively.
The fF term describes the free energy contribution corresponding to one fermionic degree of
freedom,
fF (T,m, µ) = −2T
∫
d3k
(2pi)3
ln
(
1 + e−β(Ek−µ)
)
(5)
where E2k = k
2 + m2. In these calculations we used the T → 0 approximation to describe
the cold and dense nuclear matter of the compact star, which means that the fermionic free
energy has only two variables fF (m,µ). The free parameters of the model are determined
by using nuclear saturation data [6, 7]. The values used to fit the model are the binding
energy B = −16.3 MeV, the saturation density, n0 = 0.156 fm-3, the nucleon effective mass,
m∗ = 0.6mN , the nucleon Landau mass mL = 0.83mN , compressibility, K = 240 MeV, and
asymmetry energy, asym = 32.5 MeV. The Landau-mass is given by following Ref. [6]:
mL =
kF
vF
with vF =
∂Ek
∂k
∣∣∣∣
k=kF
. (6)
Where k = kF the Fermi-surface and Ek is the dispersion relation of the nucleons. The
Landau mass is closely related to the effective nucleon mass in mean field theories:
mL =
√
k2F +m
2
N,eff . (7)
Because of this connection the Landau mass and the nucleon effective mass can not be fitted
simultaneously [7]. In this paper the model is fitted to reproduce the data given above,
4except for the Landau mass and the effective nucleon mass. These parameters are kept free
and determined by comparing the mass radius diagrams corresponding to different values
of the Landau mass to neutron star observations. The compression modulus of the nuclear
matter is defined as in Refs. [6, 8]:
K = k2F
∂2
∂k2F
( 
n
)
= 9n2
∂2
∂n2
( 
n
)
. (8)
The asymmetry energy has the follwing definition [6]:
asym =
1
2
∂2
∂t2
( 
n
)∣∣∣∣
t=0
(9)
where t = nn−np
nB
. Its value is fitted as it is described for example in Ref. [6]. For the full
neutron star EoS description we complement the extended σ-ω model with a low density
EoS describing the neutron star crust which is joined at the density value where both EoS
models have equal pressures. The crust EoS used here is SLy4 [13].
III. BAYESIAN ANALYSIS RESULTS
The most basic properties of neutron stars are mass and radius. For a static, spherically
symmetric neutron star, the solution to the Tolman – Volkov – Oppenheimer equations will
result into mass-radius relations [14, 15]. In addition, by considering perturbations to the
static metric of the spherical body, it is possible to find its deformability which in the case
of inspiraling binaries will produce gravitational waves right before the merger due to tidal
forces, see [16]. Figure 1 shows the resulting compact star sequences together with several
regions of constraints from observations. The green, horizontal band centred at 2.14M
corresponds to the measurement of the most massive pulsar PSR 0740+6620 [4] whereas the
gray and brown regions correspond to the estimates of the two components with masses M1
and M2 of the GW170817 merger event. The elliptical dashed regions correspond to the two
reported estimates of the PSR J0030+0451 star studied by NICER [1, 2]. The results for
tidal deformabilities are shown in Figure 2, in which each line style corresponds to a mL
value. A systematic behaviour on the mass-radius relation is clear: lower (higher) values
of mL correspond to stiffer (softer) neutron star matter and higher (lower) maximum mass.
On the Λ1 − Λ2 diagram the darker green region signifies a 2σ confidence level whereas the
lighter ones correspond to 3σ. Next, we perform a Bayesian inference study. Many other
works [17–21] have applied this kind of analysis basing their result on other constraints
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FIG. 1: Mass and radius relations of compact stars. Sequences of compact star in the framework
of the the extended σ-ω model. Each curve corresponds to a value of the Landau mass, mL which
has been treated as a free parameter. The several regions in this diagram denote derived constraints
from astrophysical measurements. See the text for details.
usually bearing higher uncertainties than the ones we have chosen, for example a primer
work on X-ray bursts analysis from the surface of compact stars [22]. Instead, in our work
we consider the recent NICER measurements for a mass-radius estimate of the pulsar PSR
J0030+0451 together with the measurement of the mass of the most massive observed pulsar
PSR 0740+6620 and the information derived from the gravitational wave detection event
GW170817.
IV. OUTLOOK AND CONCLUSIONS
The posterior probability distributions of our Bayesian analysis are shown in Figure 3,
which displays 6 panels in which compact star observations have been considered. For the
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FIG. 2: Tidal deformability Λ of compact stars. Left panel. Λ dependence on the total star mass M
for compact star sequences. Right panel. Tidal deformabilities derived from the GW170817 event
by the LIGO-Virgo collaboration [3]. The green regions represent 2σ and 3σ estimations whereas
the different curves correspond to different values of the Landau mass mL for the EoS model here.
full analysis that includes three measurements, the probabilities peak at a Landau mass
value around mL = 750 ± 15 MeV. As it can be seen from the figure, the choice of either
one of the NICER measurement values does not significantly affect the resulting probabili-
ties. Incorporating new constraints, like the recently reported second compact star merger
GW190425 [23] shall be subject of a follow-up work. Moreover, a variation of multiple pa-
rameters of the model may allow for an improvement of the probabilities to better fulfill
both laboratory empirical values as well as compact star observations.
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FIG. 3: Posterior probabilities of the Landau mass mL parameter resulting from a Bayesian
analysis. This set of figures show how the probabilities change depending on the measurements
considered. In the case of the PSR J0030+0451 mass and radius values by NICER, we consider
both reported values by Miller et al. [1] and Riley et al. [2] and we found no significant difference
in the results when choosing either of them.
8Bibliography
[1] M. C. Miller et al., Astrophys. J. Lett. 887, L24 (2019)
[2] T. E. Riley et al., Astrophys. J. Lett. 887, L21 (2019)
[3] B. P. Abbott et al., Phys. Rev. Lett. 119, no. 16, 161101 (2017)
[4] H. T. Cromartie et al., Nat. Astron. 4, no. 1, 72 (2019)
[5] A. Jakova´c and A. Patko´s, Resummation and Renormalization in Effective Theories of Particle
Physics, Lecture Notes in Physics (Springer International Publishing, 2015)
[6] N. K. Glendenning, Compact Stars: Nuclear Physics, Particle Physics, and General Relativity,
Astronomy and astrophysics library (Springer, 1997),
[7] J. Meng, Relativistic Density Functional for Nuclear Structure, International Review of Nu-
clear Physics (World Scientific Publishing Company, 2016),
[8] A. Schmitt, Lect. Notes Phys. 811, 1 (2010), 1001.3294.
[9] P. Po´sfay, G. G. Barnafo¨ldi, and A. Jakova´c, Universe 5, 153 (2019), 1905.01872.
[10] M. Prakash, J. R. Cooke, and J. M. Lattimer, Phys. Rev. D52, 661 (1995).
[11] A. Akmal, V. R. Pandharipande, and D. G. Ravenhall, Phys. Rev. C 58, 1804 (1998),
[12] R. B. Wiringa, V. Fiks, and A. Fabrocini, Phys. Rev. C38, 1010 (1988).
[13] F. Douchin, P. Haensel and J. Meyer, Nucl. Phys. A 665, 419 (2000).
[14] R. C. Tolman, Phys. Rev. 55, 364 (1939).
[15] J. R. Oppenheimer and G. M. Volkoff, Phys. Rev. 55, 374 (1939).
[16] T. Hinderer, Astrophys. J. 677, 1216 (2008)
[17] D. Alvarez-Castillo, A. Ayriyan, S. Benic, D. Blaschke, H. Grigorian and S. Typel, Eur. Phys.
J. A 52, no. 3, 69 (2016)
[18] C. A. Raithel, F. O¨zel and D. Psaltis, Astrophys. J. 844, no. 2, 156 (2017)
[19] A. Ayriyan, D. Alvarez-Castillo, D. Blaschke and H. Grigorian, Universe 5, no. 2, 61 (2019)
[20] M. C. Miller, C. Chirenti and F. K. Lamb, Astrophys. J. 888, no. 1, 12 (2020).
[21] G. Raaijmakers, S. Greif, T. Riley, T. Hinderer, K. Hebeler, A. Schwenk, A. Watts, S. Nissanke,
S. Guillot, J. Lattimer and R. Ludlam, Astrophys. J. Lett. 893, no.1, L21 (2020)
[22] A. W. Steiner, J. M. Lattimer and E. F. Brown, Astrophys. J. 722, 33 (2010)
[23] B. Abbott et al. [LIGO Scientific and Virgo], Astrophys. J. Lett. 892, L3 (2020)
